During pregnancy, systemic inflammatory responses induce cytokines that may stress the fetus and contribute to cardiovascular and neuroendocrine dysfunction in adulthood. We evaluated the effects of early and late prenatal exposure to IL-6 on mean systolic arterial pressure (MSAP) and hypothalamic-pituitary-adrenal (HPA) axis regulation in male and female rats at 5-24 wk of age. MSAP and ACTH and corticosterone levels were measured basally and in response to a novel environment, immobilization stress, and stimulation with corticotropin-releasing factor (CRF) and ACTH. In addition, mRNA expression and protein levels of glucocorticoid receptor, mineralocorticoid receptor, CRF receptor type 1, and CRF were estimated in brain areas thought to mediate central effects of corticosteroids on the HPA axis and on central neuroendocrine regulation of MSAP. Both early and late prenatal IL-6 exposure led to hypertension, which was evident in females at 5 wk of age. In adult rats, basal ACTH and corticosterone levels were elevated, the responses to stress and stimulation tests were of extended duration, and circadian rhythm during the light period was flattened and reversed. Mineralocorticoid receptor and glucocorticoid receptor mRNA expression was reduced in the hippocampus, the CRF level was increased in the hypothalamus, and CRF receptor type 1 mRNA expression was increased in the pituitary. These findings suggest that fetal stress induced by prenatal exposure to IL-6 leads to hypertension and dysregulation of HPA axis activity during adulthood. (Endocrinology 145: 4897-4911, 2004) 
L IVING ORGANISMS ARE under constant pressure from pathogenic influences, starting in intrauterine life when a pregnant mother may be exposed to infection, inflammation, immunization, or mental insults eliciting profound neuroendocrine disturbances. Several diseases, including hypertension, coronary heart disease, stroke, obesity, and type 2 diabetes, may be influenced by perturbations of intrauterine growth and development (1) . Such diseases may result, in part, from early programming, a process whereby stimuli or insults in early life have longterm effects on the individual's structure, physiology, metabolism, and mental functions.
The stress response is largely mediated by the hypothalamic-pituitary-adrenal (HPA) axis and the sympathoadrenomedullary (SA) axis. Activation of the HPA axis increases the secretion of corticotropin-releasing factor (CRF), which stimulates ACTH and leads to glucocorticoid release from the adrenal cortex. Activation of the SA axis, however, increases the release of epinephrine and norepinephrine from the adrenal medulla and stimulates the sympathetic norepinergic nerves, increasing norepinephrine secretion. These two axes form the key efferent links in the defeat (HPA axis) and defense (SA axis) reactions (2, 3) . Chronic activation of either axis can lead to stress-related diseases such as hypertension, diabetes, and obesity (2, 3) .
Prenatal stress and increased exposure to glucocorticoids adversely affect the developing brain (4 -6) . The HPA axis is highly susceptible to programming during fetal and neonatal development (7) and appears to be very sensitive to glucocorticoid exposure (4, 5) . The same is probably true of the central control of the SA axis. However, the phenotype of HPA function depends not only on the type of perinatal manipulation but also on its timing, duration, and intensity and on the sex of the fetus (8) .
Glucocorticoids act predominantly through two types of intracellular receptors: lower-affinity glucocorticoid receptors (GRs) and higher-affinity mineralocorticoid receptors (MRs), which bind cortisol in humans and corticosterone (CORT) in rats and mice. Even under basal resting conditions, the high-affinity MRs are occupied more than 80% by the endogenous hormone (9, 10) . The GRs, however, are only significantly occupied after stress or during the circadian peak in cortisol secretion (8) . Glucocorticoids regulate their own secretion by negative feedback through hypothalamic and pituitary GRs, which inhibit the synthesis or release of CRF and ACTH (11) . In rats, the CRF receptor type 1 (CRF1) in the pituitary is essential for ACTH response to extero-as well as interoceptive stressors (9, 11, 12) . The central MRs, mainly located in the hippocampus, help maintain basal activity of the HPA axis by controlling its inhibitory tone (12) . Similarly, the SA axis can engage in a variety of response patterns via limbic-hypothalamic structures, depending on the physical or mental challenges involved (3) .
The response of the HPA axis to stress or inflammation is mediated by cytokines, produced peripherally and within the hypothalamus and pituitary, that stimulate CRF and ACTH secretion (13, 14) and antagonize their own proinflammatory actions by stimulating the HPA axis. Consequently, animals exposed prenatally to endotoxin, which induces massive production of proinflammatory cytokines, show attenuated responses to stress as adults and are generally insulin resistant and obese (15) . In a study investigating the relevance of cytokines released during an inflammatory response, administration of TNF or IL-6 during pregnancy resulted in insulin resistance and enhanced CORT responses to stress in the adult offspring (16) . Thus, immune cytokines may play a vital role in the programming of neuroendocrine functions during early ontogenesis.
In this study, we assessed the effects of exposure to IL-6, early and late in pregnancy, on mean systolic arterial pressure (MSAP) and HPA axis regulation in male and female rats in response to a novel environment, restraint stress, and stimulation with CRF and ACTH.
Materials and Methods Animals
Nulliparous, timed-mated Wistar rats (B&K Universal, Sollentuna, Sweden) were maintained under controlled noise-free conditions (light from 0700 to 1700 h; temperature 21 Ϯ 2 C; humidity, 55-65%) and fed standard rat pellets ad libitum. Standard principles of laboratory animal care were followed, and all procedures were approved by the animal ethics committee of the Gö teborg University.
Dams and litters
After 1 wk of acclimatization, dams (n ϭ 6/group) were randomly assigned to receive ip injections of human IL-6 (9 g/kg; Roche Molecular Biochemicals Biochemica, Mannheim, Germany) (17) ACTH and CORT levels were measured in tail nick samples collected before (0 min), 30 min after, and 2, 4, and 24 h after injection on d 8 (early groups) or d 16 (late groups). Care was taken to keep the animals undisturbed and fed the night before the experiment. Maternal weight and food intake were measured daily until pups were born at approximately 21 d. At birth, pups were weighed and sexed, and body length was measured. Within 1 wk after delivery, pups were redistributed so that each experimental group consisted of four to five males and four to five females per lactating mother. Pups were separated from their mothers at 4 wk of age and housed four to a cage.
Vaginal smears
The estrous status of the pups was determined from vaginal smears taken daily between 8 and 11 wk of age. The estrous cycle (estrus, diestrus 1, diestrus 2, and proestrus) usually lasts about 4 d in rats. Cycles of 4 or 5 d with clear ovulation (a characteristic, rich amount of epithelial cells without leukocytes in the smears) were considered normal. All sampling and testing were performed at the beginning of diestrus 1, the day after estrus.
Blood pressure measurements
Systolic arterial pressure and heart rate (HR) were measured with a tail cuff monitor (RTBP Monitor, Harvard Apparatus, South Natick, MA) between 0800 and 1200 h at 5, 11, 16, and 24 wk of age. Rats were placed on a heating pad, and their tails were warmed with a heating lamp for 10 min to cause vasodilatation for an optimal signal. In each rat, MSAP was calculated from three consecutive recordings.
Novel-environment stress test
At 5 and 24 wk of age, rats underwent a novel-environment stress test (18) , and the CORT and ACTH responses were assessed. All tests started between 0700 and 0900 h, and care was taken to keep the rats undisturbed and fed the night before. Rats were removed individually from their home cages and placed in the novel environment (new cage and loud background noise). Blood samples (80 l) were obtained immediately before and after 15, 30, 60, 90, and 120 min in the novel environment to measure CORT and ACTH levels.
Immobilization stress test
At 16 wk of age, undisturbed, nonfasting rats were subjected to a immobilization stress test, starting between 0700 and 0900 h. Immediately before the test, MSAP was measured as described above, and the test animal was transferred to a cage and placed in a small plastic cylinder, which limited head, leg, and body movements, for 2 h; the length and diameter of the cylinder were based on body size, with smaller-diameter cylinders being used in females than males (70 vs. 80 mm). MSAP and HR were measured at 30, 60, and 120 min. The rat was returned to its home cage, and the measurements were repeated at 210 min.
ACTH and CORT during light period and in response to stimulation with CRF and ACTH
At 20 wk of age, catheterized rats were stimulated with CRF and ACTH. Three days before experiments, rats were chosen at random, intubated, and ventilated with a mixture of air (0.5 liters/min), oxygen (1.5 liters/min), and isoflurane (2.5 liters/min; Abbott Laboratories, Abbott Park, IL). One end of the catheter was inserted into the right jugular vein for blood sampling and CRF and ACTH administration. The opposite end of the catheter was guided sc to the rat's neck and secured with stitches. The catheters were filled with heparinized saline (500 U/ml) and flushed daily.
In the first experiment, blood samples were obtained by catheter at 0800, 1300, and 1700 h for measurement of basal ACTH and CORT levels. In the second experiment, a baseline sample was collected at 0800 h, CRF (2 g/kg iv; Sigma-Aldrich, St. Louis, MO) was administered, and samples were collected at 15, 30, 60, 90, and 120 min for determination of CORT and ACTH levels. The third experiment was identical with the second, except that ACTH (0.5 g/kg; Bachem, San Carlos, CA) was administered instead of CRF. In all experiments, 0.1 ml saline was infused immediately after each withdrawal of blood. Between experiments, rats were allowed to recover for 48 h.
Analytical methods
Blood samples for CORT analysis were collected into heparinized microtubes and immediately centrifuged at 4 C. Blood for ACTH measurements was collected into cooled microtubes containing EDTA, kept on ice for 15 min, and centrifuged. ACTH levels were determined with a commercial radioimmunometric assay (Diagnostic Systems Labora-FIG. 1. MSAP and HR at 5, 11, 16, and 24 wk of age in male (A and B) and female (C and D) rats (n ϭ 12). MSAP was significantly increased by 5 wk in IL-6 females and by 11 wk in IL-6 males and continued to increase with age. At wk 24, MSAP was highest in LIL-6 males and females. HR was increased in LIL-6 males and females at wk 11 and continued to be high in LIL-6 males at wk 16 and 24, and in EIL-6 females at wk 16 and 24. Values are mean Ϯ SEM. *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001 vs. controls. † †, P Ͻ 0.01 EIL-6 vs. LIL-6 rats (one-way ANOVA). 
Tissue harvesting and isolation of total RNA
The rats were killed by decapitation. The brains were immediately removed and dissected into specimen hippocampus, hypothalamus, and pituitary; snap-frozen in liquid nitrogen; and stored at Ϫ80 C. Total RNA was extracted using RNeasy Mini kits and DNase I treatment, according to the manufacturer's protocol (Qiagen, Hilden, Germany). The RNA concentration was determined spectrophotometrically at 260 nm.
cDNA synthesis and real-time PCR
First-strand cDNA was synthesized from 1 g total RNA with TaqMan RT reagents (Applied Biosystems, Foster City, CA). Specific primers for each gene (Table 1) were designed with PrimerExpress 1.5 software (Applied Biosystems). To avoid amplification of genomic DNA, the probes were positioned to span exon junctions. All primers were synthesized by Applied Biosystems. Real-time PCR analysis was performed with the ABI Prism 7700 Sequence Detection System and MGB-labeled probes (Applied Biosystems). The reactions were analyzed in duplicate, and the data were normalized to an endogenous control (␤-actin). The relative mRNA expression levels were calculated with the standard curve method (as described in User Bulletin 2, Applied Biosystems) and adjusted for the expression of the endogenous control.
Western blot
Total protein extracts from frozen hippocampus, hypothalamus, and pituitary were prepared as described (15) . The primary polyclonal antibodies were rabbit anti-GR (1:1000), anti-MR (1:1000), anti-CRF1 (1:100), anti-CRF (1:100), and anti-␤-actin (1:2000) (Santa Cruz Biotechnology, Santa Cruz, CA), diluted in Tris-buffered saline (pH 7.6) containing 0.1% Tween 20 (19) . The secondary antibody was a horseradish peroxidase-conjugated anti-IgG [Amersham Pharmacia Biotech (Amersham), Amersham, Buckinghamshire, UK] diluted 1:2000 in Tris-buffered saline (pH 7.6) containing 0.1% Tween 20. All incubations were carried out at room temperature. After a final series of washes, immunodetection was performed with an enhanced chemiluminescence system (ECL, Amersham) according to manufacturer's specifications. Chemiluminescence was captured on photographic film (Amersham), and the OD of each band was quantified with ImageQuant software (Molecular Dynamics, Sunnyvale, CA). Each Western blot was exposed for 15, 30, and 60 sec to ensure the linearity of the film. The OD of each unknown was compared with the OD of the internal standard of each gel (Amersham). Protein levels were expressed as a ratio of the ␤-actin level.
FIG. 2. MSAP and HR in response to immobilization stress in 16-wk-old male (A and B)
and female (C and D) rats. Pre-and recovery MSAP and HR levels were higher in IL-6-exposed rats, and the MSAP immobilization stress responses were higher at 60 and 120 min. HR was higher in females and lower in males than in controls. Values are mean Ϯ SEM (n ϭ 12). *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001 vs. controls. †, P Ͻ 0.05; † † †, P Ͻ 0.001, EIL-6 vs. LIL-6 (repeated-measures ANOVA).
Statistical analysis
Values are expressed as mean Ϯ sem. The Mann-Whitney nonparametric U test was used to compare groups of dams and offspring. Hemodynamic and stress hormone data were analyzed by repeatedmeasures ANOVA considering prenatal condition (IL-6 or control), gender, and time of IL-6 exposure (early or late). Gene expression data were compared by one-way ANOVA followed by TukeyЈs test. Two-tailed, unpaired t tests were used for all other analyses; significance was set at P Ͻ 0.05. All analyses were performed with StatView 5.0 (SAS Institute, Cary, NC).
Results

Dams and litters
Throughout pregnancy, the body weight (BW) of the dams increased, and there were no significant differences between groups ( Table 2 ). Nor were there significant differences in ACTH and CORT levels before and after the first injection of IL-6 or vehicle, except at 4 h, when the levels were higher in the IL-6-exposed dams ( Table 3 ). The number of progeny per dam and the sex ratios of the litters were not significantly different in controls and the EIL-6 and LIL-6 groups. However, EIL-6 dams had significantly heavier pups ( Table 2 ). The early and late control groups of offspring did not differ in any of the tests performed and were therefore pooled as one control group for each sex.
BW development
The BW of the offspring increased continuously during the experimental period. Male EIL-6 rats remained heavier than controls through 24 wk (515 Ϯ 15 vs. 484 Ϯ 12 g; P Ͻ 0.01). Although female EIL-6 rats were heavier than controls at birth, the difference was not sustained (data not shown); and at 24 wk, they weighed significantly less than controls (253 Ϯ 3 vs. 265 Ϯ 3 g; P Ͻ 0.05).
Sex steroid levels
There were no significant changes between controls and IL-6-exposed animals in the male and female groups, in plasma testosterone or 17␤-estradiol levels measured at 19 wk of age (data not shown).
Prenatal exposure to IL-6 causes hypertension in adult rats
The effects of prenatal IL-6 exposure on MSAP and HR are shown in Fig. 1 . At 5 wk of age, MSAP was significantly higher in female IL-6 rats than controls, but there were no differences in HR between groups. At 11 and 16 wk, MSAP was significantly increased in IL-6 males and IL-6 females. HR was increased in LIL-6 males and females at wk 11 and in LIL-6 males and EIL-6 females at wk 16. At 24 wk, MSAP was higher in all IL-6-exposed groups than in controls and
Basal plasma ACTH (pg/ml) and CORT (ng/ml) concentrations in male (A and B) and female (C and D) rats. ACTH and CORT levels increased during the day in controls but showed a flattened or reversed pattern in IL-6-treated rats. Values are mean Ϯ SEM (n ϭ 12). *, P Ͻ 0.05; **, P Ͻ 0.01 vs. controls. †, P Ͻ 0.05, EIL-6 vs. LIL-6 (repeated-measures ANOVA).
was higher than at 16 wk, except in EIL-6 females. HR at 24 wk was higher in LIL-6 males and EIL-6 females than in controls.
ANOVA showed an association with gender and MSAP in IL-6-treated rats, with higher MSAP in IL-6 females.
Increased MSAP and HR responses to immobilization stress
The responses to immobilization stress at 16 wk are shown in Fig. 2 . At baseline, MSAP was higher in IL-6 males and IL-6 females than in controls. After 30 min of immobilization, MSAP had increased in all rats, reaching maximum levels at 30 min in male controls and at 30 -60 min in female controls. MSAP was significantly higher in IL-6-exposed females at 30 min and in all IL-6-exposed rats at 60 and 120 min, compared with controls. The baseline HR was higher in IL-6-exposed rats than in controls. After 60 min of immobilization in male controls and after 30 min in female controls, HR was markedly higher than the baseline values. None of the IL-6-exposed rats had an increase in HR during immobilization, except for EIL-6 females at 60 min. At 210 min, MSAP and HR in all groups had returned more or less to the baseline values, which were higher in the IL-6-exposed rats than in controls.
ANOVA showed no gender differences in MSAP or HR during immobilization stress in controls. In IL-6 rats, however, immobilization resulted in gender-and time-specific increased maximal MSAP response (also in HR) and a delayed recovery.
Alternations in diurnal ACTH and CORT levels
Baseline ACTH and CORT levels during the light period are shown in Fig. 3 . In the morning, ACTH and CORT levels were higher in LIL-6 males, whereas ACTH values were higher in EIL-6 females, and CORT values were higher in IL-6 females, compared with controls. In the afternoon, EIL-6 males had higher ACTH levels and LIL-6 males had higher CORT levels, whereas ACTH and CORT were higher in EIL-6 females than in controls. In the evening, CORT levels were higher in the EIL-6 males and lower in LIL-6 females than in controls.
ANOVA showed an association with gender and diurnal CORT levels in controls (1300 and 1700 h) and IL-6-treated rats (0800, 1300, and 1700 h), with higher CORT levels in females.
Increased basal levels of ACTH and CORT and prolonged responses to novel environment stress
The responses to the novel environment stress test at 5 wk are shown in Fig. 4 . In controls, ACTH and CORT values were maximal at 15 and 30 min in all control groups at both FIG. 4 . ACTH (pg/ml) and CORT (ng/ml) levels in 5-wk-old male (A and B) and female (C and D) rats before and in response to a novel environment stress test. Basal ACTH was increased in EIL-6 males and females. The basal CORT level was increased in EIL-6 males, which had high CORT responses at 15 and 90 min. Values are mean Ϯ SEM (n ϭ 12). *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001 vs. controls. †, P Ͻ 0.05; † †, P Ͻ 0.01, EIL-6 vs. LIL-6 (repeated-measures ANOVA).
5 and 24 wk. At 5 wk, basal ACTH levels were higher in EIL-6 males than in controls. LIL-6 males had lower ACTH values than controls at 15 min and 60 min. Basal plasma CORT levels were higher than controls in EIL-6, but not in LIL-6, males at 5 wk of age. During the test, CORT levels were higher in EIL-6 rats at 15 and 90 min than in controls. EIL-6 female rats had higher baseline ACTH levels than controls at 5 wk, but had a lower ACTH response at 30 min, which was sustained through 90 min. LIL-6 females had lower ACTH levels than controls throughout the novel environment test except at 60 min. There were no significant differences in CORT levels among female rats.
The responses at 24 wk are shown in Fig. 5 . LIL-6 males had higher ACTH values than controls before the novel environment test and at 30 -120 min; in EIL-6 males, ACTH levels were higher than control at 60 -120 min. The CORT values in EIL-6 males were higher at baseline and at 60 -120 min and LIL-6 males at 90 -120 min. Compared with controls, LIL-6 females had higher ACTH levels before the test and at 60 -120 min, whereas EIL-6 females had higher values at 90 and 120 min. The CORT level at 24 wk was higher before and throughout the test in LIL-6 females than in controls, but there were no differences between controls and EIL-6 females except for the higher value in the EIL-6 group at 120 min.
ANOVA showed an association with female gender and increased basal levels of CORT (P Ͻ 0.001).
Prolonged duration of ACTH and CORT responses to CRF and ACTH stimulation
The responses to CRF stimulation in 20-wk-old rats are shown in Fig. 6 . Prestress ACTH and CORT levels were higher in IL-6-exposed rats than in controls, except in EIL-6 males, whose CORT levels were not different from the control values. In controls, ACTH and CORT levels were maximal between 15 and 30 min and returned toward the prestress levels at 120 min.
At 90 min after stimulation with CRF, EIL-6 males had higher ACTH levels and LIL-6 males had higher CORT levels than controls. At 120 min, both ACTH and CORT levels were higher in IL-6 males than controls. IL-6 females had a prolonged stress response, with higher ACTH levels at 60 and 90 min (LIL-6) and higher ACTH and CORT levels at 120 min.
ANOVA showed that female gender was associated with increased basal CORT levels and increased maximal ACTH response. In addition, IL-6-exposed female rats also showed increased maximal CORT response (P Ͻ 0.001).
The responses to ACTH stimulation are shown in Fig. 7 . CORT levels were higher in EIL-6 males at 30 min and in both FIG. 5 . Plasma ACTH (pg/ml) and CORT (ng/ml) levels and the response to novel environment stress test in 24-wk-old male (A and B) and female (C and D) rats. Basal ACTH was increased in LIL-6 males and females, and all IL-6-exposed rats had increased stress responses at 60 and 90 min. Basal CORT were increased in EIL-6 males and LIL-6 females. LIL-6 females had also an increased stress response, compared with controls. Values are mean Ϯ SEM (n ϭ 12). *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001 vs. controls; †, P Ͻ 0.05; † †, P Ͻ 0.0, EIL-6 vs. LIL-6 (repeated-measures ANOVA).
EIL-6 and LIL-6 males at 120 min, compared with controls. In LIL-6 females at 90 min and in EIL-6 females at 120 min, CORT levels were higher than in controls.
ANOVA showed that female gender was associated with increased basal CORT levels and CORT response but only in IL-6-exposed rats (P Ͻ 0.001).
GR, MR, CRF, and CRF-1 expression in the brain
The mRNA and protein levels of GR, MR, CRF, and CRF1 in the hippocampus, hypothalamus, and pituitary gland were measured at 24 wk. In the hippocampus, GR mRNA and protein levels were decreased in both genders of IL-6-exposed rats, (Fig. 8, A and B) . The MR mRNA expression was also decreased, but there were no significant differences in the hippocampal MR protein levels, compared with controls (Fig. 8, C and D) . In the hypothalamus, CRF mRNA and protein levels were higher in IL-6-exposed rats than in controls (Fig. 9, A and B) . In the pituitary, CRF1 mRNA expression was higher in all IL-6-exposed rats except EIL-6 females; CRF1 protein levels were decreased in EIL-6 males and increased in LIL-6 females (Fig. 10, A and B) . IL-6 exposure had no significant effect on hypothalamic GR mRNA or protein expression (Fig. 11, A and B) . The hypothalamic MR mRNA and protein levels were significantly lower than control only in IL-6-exposed females (Fig. 11, C and D) .
ANOVA showed an association between gender and CRF expression, with higher CRF protein levels in all female rats (P Ͻ 0.05). On the other hand, CRF1 mRNA levels were higher in male IL-6-exposed rats (P Ͻ 0.05).
Pituitary GR mRNA and protein expression was significantly higher in IL-6-exposed female rats than in controls. In IL-6 males, GR mRNA was unaltered but protein levels increased (Fig. 12, A and B) . MR mRNA and protein levels were significantly higher in EIL-6 males and females than in controls (Fig. 12, C and D) . ANOVA showed an association with male gender, with higher GR protein levels (P Ͻ 0.01) and MR mRNA expression (P Ͻ 0.05) in the pituitary.
Discussion
This study shows that prenatal exposure to IL-6 caused hypertension, increased the basal activity of the HPA axis, flattened or reversed the circadian variation in ACTH and CORT levels, and resulted in abnormally extended responses to restraint and novel environment stress tests and to stimulation with CRF and ACTH in adulthood. At 24 wk of age, hippocampal levels of GR and MR mRNA were reduced, FIG. 6. Plasma ACTH (pg/ml) and CORT (ng/ml) levels in 20-wk-old male (A and B) and female (C and D) rats before and after iv injection of CRF (2 g/kg), symbolized with arrow. CRF stimulation increased the high prestress ACTH values in all IL-6-exposed rats and CORT values in LIL-6 males and female rats, however with lower net ACTH and CORT responses than controls. Values are mean Ϯ SEM (n ϭ 8). *, P Ͻ 0.05; **, P Ͻ 0.01 vs. controls. †, P Ͻ 0.05; † † †, P Ͻ 0.001, EIL-6 vs. LIL-6 (repeated-measures ANOVA).
whereas CRF and CRF1 mRNA levels were increased. These findings demonstrate that the fetus is very sensitive to IL-6 exposure, as occurs during infection or inflammation in the pregnant mother.
The HPA and SA axes and programming
In rats, the HPA axis is particularly susceptible to early life programming (8, 20) . Several studies have shown long-lasting effects on the HPA axis in adult offspring, generally in the direction of persistently hyperactivity (7, 8) . Programming of HPA functions seems to involve a modification of glucocorticoid feedback in the limbic system, hypothalamus, or pituitary. However, the effect at each of these sites depends not only on the duration, timing, and kind of manipulation but also on the gender of the offspring (8) .
Both intrauterine events and postnatal sensory experience exert a formative influence over the maturation of numerous components of the nervous system, and it is therefore possible that all neural systems are susceptible to modification by afferent input during development. The sympathetic nervous system and adrenal medulla, which constitute the SA axis, are also affected by environmental factors during development. Although environmental programming of the SA axis has not been studied extensively, several factors affect the sympathetic nervous system later in life, including environmental temperature, nutrition, and stress (21) .
The HPA and SA axes and hypertension HPA axis overactivity increases blood pressure and stimulates the secretion of ACTH and CORT (22) . Glucocorticoids reportedly increase blood pressure in humans (23, 24) and may contribute to the pathogenesis of essential hypertension by enhancing the vascular response to adrenergic agonists and angiotensin II (24) . The central effects of glucocorticoids on arterial pressure regulation, however, are poorly understood (25, 26) .
The basal activity of the HPA axis, as reflected by ACTH and CORT values, was increased as early as 5 wk in EIL-6 rats. MSAP was significantly elevated at 5 wk in females and at 11 wk in males and remained elevated throughout the study. Thus, increased basal activity of the HPA axis, but probably also of the SA axis, at this early age may lead to earlier development of hypertension in females. Although MSAP levels increased with age in the IL-6-exposed rats, the increases relative to controls were much smaller in EIL-6 than LIL-6 females at 24 wk of age. The high MSAP levels in IL-6-exposed males may also have reflected increased basal activity of the HPA axis.
The female LIL-6 rats also had higher HPA axis activity, both basally and in response to the novel environment stress test, than EIL-6 females and control rats at 24 wk of age. In one study (22) , administration of CORT to adult rats, which resulted in serum concentrations (500 ng/ml) similar to the basal values in our study, increased systolic blood pressure by about 30 mm Hg, an increase similar to that in MSAP in the IL-6-exposesd rats.
However, the combined elevations of MSAP and HR in the basal situation in the IL-6-exposed rats suggest that also the central drive on the SA axis is enhanced in these rats. In the immobilization stress test, the increase in MSAP was significantly higher in both males and females and was also delayed in IL-6-exposed males. No increase in HR over basal levels was seen in LIL-6 females, and the maximal increase was delayed in EIL-6 females. Neither EIL-6 nor LIL-6 male rats increased their HR over basal levels and showed even lower values at 60 -120 min of the test. In both male and female IL-6 rats, MSAP and HR were higher than in controls 90 min after the immobilization stress test. These findings suggest that prenatal IL-6 exposure increases MSAP and HR under basal conditions but increases or decreases and/or delays sympathetic MSAP and HR response to severe stress such as immobilization.
GR and MR mRNA expression and protein levels in the hippocampus
The hippocampal region has the highest density of adrenocorticosteroid binding sites in the brain and is an important site of feedback control of the HPA axis (8, 9) . MRs primarily mediate tonic inhibitory control of HPA axis activity, whereas GRs mediate the negative feedback of ele-FIG. 7. Plasma CORT (ng/ml) levels in 20-wk-old male (A) and female (B) rats before and after iv injection of ACTH (0.5 g/kg), symbolized with arrow. ACTH stimulation did not further increase the high prestress values in IL-6-exposed female rats, which had lower net ACTH and CORT responses than controls. Values are mean Ϯ SEM (n ϭ 8). *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001 vs. controls. †, P Ͻ 0.05, EIL-6 vs. LIL-6 (repeated-measures ANOVA).
vated glucocorticoid levels to restrain this activity (9) . In addition, a majority of studies indicate that hippocampal GRs are up-regulated by adrenalectomy and down-regulated by stress and high-dose glucocorticoid treatment at both the binding site and mRNA levels, suggesting glucocorticoid autoregulation (9, 27) . These findings support the hypothesis that hippocampal GR biosynthesis is controlled primarily at the level of transcription.
Prenatal exposure to IL-6 increased basal CORT and ACTH levels and, particularly in LIL-6 females and EIL-6 males, extended the CORT and ACTH responses to stress or stimulation tests. Concomitantly, GR and MR mRNA expression levels in the hippocampus were markedly reduced, independently of exposure time and gender, as were GR protein levels. The lower levels of GR and MR mRNA at this important regulatory site could explain, at least in part, why the plasma levels of CORT and ACTH were elevated, especially under basal conditions and before the stress and stimulation tests.
In contrast, MR mRNA expression was strongly decreased in all IL-6-exposed rats, but their MR protein levels were unaltered compared with controls, consistent with posttranscriptional regulation. The MR has at least three alternatively spliced forms, with three different exons immediately 5Ј to the translation start site (28) . These variants are thought to be generated, in part, through the use of different promoters (29) . The selection of splice variants is closely tied to basal glucocorticoid levels. In rats, for example, the ␣ 5Ј splice variant is up-regulated after adrenalectomy (28) and downregulated by stress (30) ; splice variants are also differentially expressed during early development (31) . Recent data show that stress-induced decreases in ␣ MR mRNA expression do not lead to reduced MR protein levels (30) , suggesting that changes in the splicing pattern and in mRNA levels do not have a major impact on net MR availability. This might explain the discrepancy between the mRNA and protein levels we observed. However, developmental manipulations that alter GR or MR expression induce parallel changes in responsiveness to behavioral and neuroendocrine stress (32) (33) (34) . In addition, the effects of glucocorticoid secretion on MR and GR mRNA pools may be modified by other stress-activated neuronal pathways. Consistent with this possibility, MR and GR mRNA levels are decreased by removal of norepinergic or serotonergic innervations of the hippocampus and increased by treatment with norepinephrine/serotonin reuptake blockers (35) . However, we did not investigate the possible influence of monoamines on GR and MR mRNA levels. In IL-6-exposed rats, GR and MR expression was down-regulated, except the MR protein levels. Values are mean Ϯ SEM (n ϭ 8) and are normalized to ␤-actin. *, P Ͻ 0.05; **, P Ͻ 0.01 vs. control (one-way ANOVA). Contr, Control.
Thus, hippocampal adrenocorticosteroid receptors seem to undergo a very complex regulatory process after stressinduced elevation of endogenous glucocorticoid levels. Further studies are needed to elucidate the underlying mechanisms.
CRF, GR, and MR mRNA expression and protein levels in the hypothalamus and CRF1 in the pituitary
The hypothalamic paraventricular nucleus controls pituitary-adrenocortical activity, and parvocellular neurons in the paraventricular nucleus synthesize CRH and arginine vasopressin, which, when released, stimulate proopiomelanocortin synthesis and ACTH release in the pituitary. The regulation of pituitary hormone secretion is complex and includes a variety of neuropeptides and neuroamines. We measured only CRF, the main hypothalamic physiological regulator of pituitary ACTH secretion (11, 36) .
In the hypothalamus, CRF mRNA expression was upregulated in all IL-6-exposed groups, resulting in increased CRF protein levels. However, the pituitary effects of CRF depend not only on the hypothalamic output of CRF but also on the abundance of CRF1 in the pituitary corticotroph and on the sensitivity of the receptor in response to ligand activation. Although CRF is the major hypothalamic stimulus of ACTH secretion (11, 36) , regulation of the CRF1 mRNA levels appears to involve interactions among CRF, vasopressin, and GC. The increases in CRF1 mRNA in the pituitary were reflected in increased protein levels in LIL-6 females but not in IL-6 males, consistent with posttranscriptional regulation, as shown in a recent studies (37, 38) . We did not investigate ligand binding and responsiveness of the steroid receptor. However, CRF binding does not correlate with corticotroph responsiveness; for example, in the case of CRF1, a full ACTH response can be achieved with only partial receptor occupancy (38) .
GR mRNA expression and protein levels in the hypothalamus were not altered in any of the IL-6-exposed groups. Similarly, MR mRNA and protein levels were not altered in any of the IL-6-exposed males. On the other hand, MR mRNA and protein levels were significantly lower in all IL-6-exposed females, pointing to a clear gender difference.
GR and MR mRNA expression and protein levels in the pituitary
In the pituitary, GR mRNA expression was significantly up-regulated in all IL-6-exposed offspring except IL-6 males, and MR mRNA expression was increased in EIL-6 males and females, with corresponding increases in protein levels. These findings may reflect an adaptive response or a compensatory process to counteract hypersensitivity or hyperactivity at the hippocampal and hypothalamic levels in the HPA axis. Interestingly, GR protein was significantly increased in both IL-6 males and females, but the mRNA expression was unchanged in the IL-6 males. This might reflect the difference in their responses to ACTH stimulation: the female IL-6 rats showed a flattened pattern with no maximal response, whereas the male IL-6 rats had a maximal increase at 15 min like the controls. However, the attenuated CORT response to stimulation with ACTH seen in IL-6-exposed female rats might be explained by the higher prestimulation levels. This clearly indicates a reduced ability to further increase CORT synthesis, possibly because of increased feedback sensitivity at the GR/MR pituitary level or because secretion in the adrenal cortex has already reached its maximum.
It is also important to remember that the responses to the challenges and stress tests at different levels of the HPA axis can also be affected by secretagogues that we did not measure, such as arginine vasopressin and monoamines.
Effects of IL-6 exposure and changes in diurnal ACTH and CORT levels
Analysis of the circadian variation in CORT levels (0800 -1700 h) in control rats showed that the peak was reached just before the end of the light period, as in other studies (39, 40) . Prenatal IL-6 exposure therefore seems to modify the light period pattern, as reflected by largely constant and increased levels of CORT. CORT levels were also high just before the stress tests, which were performed between 0700 and 0900 h. In another study of repeated restraint stress in pregnant rats, CORT levels were also higher at the end of the light period in both female and male offspring, and hippocampal GR binding capacity was reduced (40) . This reduction is comparable with the reduced GR mRNA expression and protein levels we observed at this site. In conclusion, our results point to an altered, reversed, and flattened HPA axis circadian rhythmicity during the daylight period.
Effects of prenatal IL-6 exposure on the dams, fetus, and fetal growth
Injection of IL-6 caused small, but significant, increases in CORT and ACTH levels in the maternal circulation, 4 h after the first injection. The fetus is probably protected from elevated maternal levels of CORT by placental 11␤-hydroxysteroid dehydrogenase type 2, which rapidly converts CORT to inert 11-keto products (41) . However, CORT (42) and IL-6 (43) may stimulate placental CRF production, which could, in turn, stimulate the fetal HPA axis. Alternatively, this stimulation could be a direct action of IL-6, because cytokines can stimulate the HPA axis when the body is under stress or exposed to an infection (13) . Both CRF and cytokines may cause many immunologic and pathologic disturbances in the brain during development (44 -46) , and cytokines have been implicated in the development of learning disabilities (47), anxiety, and depression (48). In addition, children born to women with fever and bacteriuria during pregnancy have an increased incidence of neurologic defects (49).
Although overexposure to glucocorticoids retards fetal growth and produces lower birth weight in humans and nonhuman primates and in other experimental mammals (50 -52), prenatal exposure to IL-6 increased the birth weight of male offspring in our study. This finding suggests that IL-6 has a direct programming effect on the regulation of MSAP and the HPA axis. Our recent studies with a radioactive tracer show that IL-6 administered early or late in pregnancy passes the placental barrier, allowing direct exposure of the fetus (unpublished observations).
IL-6 programming and gender differences
We found increased basal and maximal MSAP response (also in HR) during immobilization stress and a delayed MSAP recovery in IL-6-exposed females compared with IL-6-exposed males. To our knowledge, sex-specific effects of prenatal stress on cardiovascular system stress responsiveness have been investigated only in one previous study (53), which subjected female pregnant Sprague Dawley rats to stress three times daily from d 15-21 of gestation. The prenatally stressed offspring were then investigated, at 6 months of age, during restraint stress and recovery. These rats demonstrated a greater increase in BP and delayed recovery than controls. In addition, the prenatally stressed female rats showed a greater increase in systolic arterial pressure and BP variability and delayed HR recovery, after return to the home cage, then did the males. These results are in accordance with our study and indicate that females might be more sensitive and susceptible to prenatal stress affecting the cardiovascular system. This might also be shown by the earlier development of hypertension already at 5 wk of age, but IL-6-exposed male rats did not develop elevated MSAP levels until 11 wk of age. In regard to the sex differences in the control rats, the females showed an increased maximal MSAP and a delayed recovery compared with male control rats. Sex differences in cardiovascular responses to stress have been demonstrated in both human and animal studies, with greater cardiovascular and plasma catecholamine responses to environmental challenges generally observed in males (54). However, some studies have found greater stress-induced increases in catecholamines in female than in male rats (55) and higher cardiac stress reactivity in women compared with men (56).
Few studies have compared the impact of prenatal stress on HPA activity in male and female offspring using identical prenatal exposure (40, (57) (58) (59) . These studies indicate that the female HPA axis is more susceptible to prenatal programming induced by prenatal stress. Some studies also show that prenatal stress can cause permanent alterations in the behavior of both sexes in stressful situations but appears to cause a selective effect on HPA axis in the female rats (57, 58).
We generally found increased basal plasma CORT levels in both IL-6-exposed and control (except before CRF-and ACTH-stimulating tests) females compared with the respective male group. In addition, the CORT responses to CRF and ACTH stimulation were higher in IL-6-exposed females compared with IL-6-exposed males. However, we did not find any sex-specific increase in basal ACTH levels in female rats (except before CRF stimulation in IL-6-exposed rats) but an GR expression was unchanged, but protein level was up-regulated in male IL-6-exposed rats. Both GR expression and protein levels were up-regulated in female IL-6-exposed rats. MR expression and protein levels were up-regulated in EIL-6 males and females. Values are mean Ϯ SEM (n ϭ 8) and are normalized to ␤-actin. *, P Ͻ 0.05; **, P Ͻ 0.01 vs. control (one-way ANOVA).
increased ACTH response after CRF stimulation in all female rats compared with the respective male group. It is well known that there is a sexual dimorphism in the HPA-axis function, where females, compared with male rats, have higher basal levels of plasma CORT and higher corticosteroidogenesis by adrenal slices in vitro, and ACTH or CRF produce higher or more prolonged elevated plasma CORT (60). Sex differences also exist in the two brain corticoid receptor systems (61). Although GR expression in the hippocampus seems to be similar in both sexes, there are sex differences in GR, but also in MR, levels in the pituitary, with lower levels in the females compared with male rats (61). In addition, protein levels of CRF have been reported to be higher in the hypothalamus in female rats (59). These findings are all in agreement with our results found in control female and male rats. However, in IL-6-exposed female rats, the basal plasma CORT levels were found to be higher, and they also had increased CORT responses to CRF and ACTH stimulation compared with IL-6-exposed males. In a recent study, it was shown that a heightened activity of the HPA axis in female sheep occurs primarily due to differences at the level of the adrenal gland (62). This finding points to the possibility of an increased susceptibility for IL-6 prenatal exposure in females at this level of the HPA axis, which could explain the sex differences found in our study.
Interestingly, depression in humans, which, in most cases, is associated with high cortisol levels, is more prevalent in women than in men (63). In addition, abnormal regulation of the HPA axis is more common in depressed women than in depressed men (64).
It is thought that the differences observed between males and females reflect differential effects of sex steroids on the HPA and SA axes, because the activity of many proteins that regulate the axes are directly regulated by the steroids, and sex steroid receptors are present at many levels of the axes (65). However, in our study, no differences were found in circulating plasma levels of testosterone and estradiol between IL-6-exposed rats and the respective control group (results not shown). These findings do not, of course, exclude differences in distribution, regulation, and binding of sex steroid receptors within CNS affected by prenatal IL-6 exposure.
IL-6 programming and human disease
Several clinical studies have suggested that the essential disturbance of neuroendocrine regulation in depression is a failure of normal brain inhibitory influences on the HPA axis (66, 67). This dysinhibition of the HPA axis results in basal hypercortisolism and alters the temporal pattern of cortisol circadian rhythms in depressed patients (68). Consistent with our findings in IL-6-exposed rats, depressed patients have elevations of CRF mRNA levels in the hypothalamus (69) and CRF protein in cerebrospinal fluid (70). These patients also have an increased risk of hypertension and increased cardiovascular morbidity and mortality (71).
Conclusions
Our findings demonstrate that prenatal exposure to IL-6 produces long-lasting effects on cardiovascular and HPA axis regulation. Once the mechanisms underlying the programming effects of cytokines on MSAP and HPA axis regulation have been identified in animal models, they can be compared with analogous processes in humans. This knowledge will be necessary to design effective perinatal interventions to prevent chronic adult disease.
